Abstract -Mechanistic insights of the efficient iridium catalyzed asymmetric hydrogenation of N-iminopyridinium ylides are reported. Using NMR and mass spectrometry, the nature of the pre-catalyst and role of iodine was studied. The effect of solvent as well as an extensive ligand screening is presented.
INTRODUCTION
Polysubstituted piperidines are ubiquitous structural units, found in a variety of natural compounds possessing diverse biological activities.
1 Moreover, they have received growing interest from the pharmaceutical domain. Tremendous efforts have been devised to access this useful synthetic moiety. 2 Our group has been active in the development of asymmetric methodologies of additions of nucleophiles to pyridinium salts and ylides to access dihydro-and tetrahydropyridines, unsaturated derivatives of the corresponding piperidines. 3 Polysubstituted pyridines are either readily available commercially or can be easily prepared using recent cross-coupling chemistry. 4 In view of this, asymmetric hydrogenation of this class of compounds represents an attractive strategy to access enantioenriched substituted piperidines.
Glorius et al. were recently successful in developing a diastereoselective method, 5 but an the catalyst and facilitate the hydrogenation process due to their exceptional directing nature. We recently reported the efficient iridium catalyzed asymmetric hydrogenation of 2-substituted N-iminopyridinium ylides using chiral phosphinooxazolines. 7 The method tolerates a variety of substituents at the 2-position of the pyridinium ring and affords the piperidine derivatives in excellent yields and fair to excellent enantioselectivities (Scheme 1). The products obtained can be easily enriched to afford enantiopure compounds through recrystallization. The ylides used in the methodology are easily accessed in excellent yields by a one-pot direct N-amination/benzoylation procedure. In our continuing efforts to enhance the enantioselectivities and scope of our methodology, we report herein our findings concerning the optimization of the reaction conditions and catalyst, as well as insights concerning the nature of the catalyst and the actual hydrogenation process.
RESULTS AND DISCUSSION

Role of iodine and catalyst nature
A key requirement in our reaction conditions is the presence of an equimolar quantity of iodine with respect to the iridium(I) catalyst. Optimization of the reaction conditions revealed that an excess of iodine is detrimental to the enantioselectivities whereas a substoichiometric quantity led to a loss of reactivity.
This requirement is in contrast with the conditions developed by Zhou et al. for the iridium catalyzed enantioselective hydrogenation of quinoline, 9 where an excess of iodine is used in order to get optimal results. Moreover, the initial iridium(I) catalyst must be let to react for at least 5 hours with the iodine in order to obtain the optimal yields and enantioselectivities. This led to suppose that the role of iodine was to oxidize the initial iridium(I) complex to an iridium(III) pre-catalyst. Catalyst 3a was let to react with a stoichiometric quantity of iodine in C 6 D 6 and the reaction was followed by 31 P NMR. Within 5 minutes, the signal of complex 3a (17.6 ppm) completely disappears to afford a complex mixture of signals which proportions vary during the course of 5 hours. Afterward the signals observed do not vary even after 2
weeks. The 31 P NMR spectrum of the resulting species is shown in Figure 1 . It is possible to obtain numerous information from the data. In particular, the two pairs of doublets, shown as a,a' (2 doublets at -6.7 et -10.8 ppm, J P-P = 3.5 Hz) and b,b' (2 doublets at -8.6 and -11.2 ppm, J P-P = 3.6 Hz), can be attributed to dimeric iridium(III) species, as shown by the phosphorus-phosphorus coupling. A similar iridium(III) dimer (5) has already been reported by Dorta et al. 10 for the asymmetric hydrogenation of imines, applied to the industrial synthesis of Metolachlor, an herbicide. 11 This dimer was obtained from the non-cationic iridium(I) complex 4 by treatment with a stoichiometric quantity of iodine (Eq 1). They confirmed the nature of the dimer through X-ray diffraction analysis and 31 P NMR. Osborn et al. have synthesized other iridium(III) dimers bearing similarities to 5 and used them in the asymmetric hydrogenation of imines (Eq 2). 12 We synthesized 6 according to the literature procedure and evaluated it in the hydrogenation of ylide 1a and obtained similar reactivity and enantioselectivity when compared to reaction conditions using Ir(BINAP)(COD)Cl and iodine. Solutions of complex 3a and iodine that reacted between 12 hours and 2 weeks were tested for the hydrogenation of 1a and were found to yield identical results, thus giving evidence that no decomposition occurs following the reaction of the iridium complex with iodine. A solution was also heated at 40 °C for 26 hours with no sign of decomposition by 31 P NMR. It is interesting to note however that at this temperature a broad signal is observed at 17.8 ppm which indicates the presence of 3a and thus possible reversibility between the iridium(III) species and complex 3a. A mass spectrometry analysis was done on complex 3a as well as a solution of complex 3a and iodine reacted for 2 weeks. Using APCI mass spectrometry, it is possible to observe the mass of the cationic portion of complex 3a, including the COD ligand (m/z = 688). After reaction with the iodine, the mass of diiodo iridium(III) species with no COD ligand is observed (m/z = 834), in accord with dimer 5 reported by Dorta (Eq 1). The mass observed gives further evidence of the presence of dicationic dimers in solution.
To evaluate the stability of the species formed by the reaction with iodine, the reacted solution of complex 3a with iodine was eluted on a silica gel filled column (100% dichloromethane). As with complex 3a, the iridium(III) species elutes with the front of the eluent. The 31 P NMR spectrum of the purified species is practically identical to Figure 1 .
These experiments were also done using complex 3b and showed the same behavior. The purified species obtained with 3b were used for the hydrogenation of ylide 1a and afforded almost identical yield and enantioselectivity as the unpurified solution ( Table 1 , entries 1 and 2). Following hydrogenation, the crude reaction mixture was eluted with 100% dichloromethane and iridium species could be recovered.
Mass spectrometry showed the presence of diiodo iridium(III) species. However, 31 P NMR showed none of the signals found in the initial pre-catalytic solution. Analysis by 19 F NMR showed that 46% of the BArF counterion was recovered. The recovered species were used in the hydrogenation conditions of ylide 1a and the results were inferior to the original catalytic solution ( Table 1 , entry 3). 
Solvent Effect
The effect of the solvent on the hydrogenation outcome was investigated in order to determine the tolerance of the reaction conditions. The results of the effect of the reaction solvent on the hydrogenation of ylide 1a using catalyst 3b are summarized in Table 2 . The results clearly show that toluene and benzene are the solvents of choice for the hydrogenation.
However, the use of modified aromatic containing solvents to tune their solubility properties and polarity (entries 3 to 5) only results in small deterioration in yields and enantioselectivities. It is noteworthy that common halogenated solvents (entries 6 and 7) leave the reactivity mostly unaffected, but produce a clear decrease of the enantioselectivity. This is in contrast with the hydrogenation methodologies described by
Pfaltz et al., where dichloromethane is usually the solvent of choice for the hydrogenation of unfunctionalized alkenes. 13 Strongly coordinating solvents (entries 8 and 9) deactivate the catalyst and mostly no reactivity is observed with them. However, it is important to note that ethyl acetate and even a protic solvent, isopropanol, were found to be compatible with the methodology, although they proved to be detrimental to the yield and enantioselectivities.
Ligand Optimization
A thorough screening of numerous ligands with different general structures was reported in our initial communication. Through this optimization, we found that phosphinooxazoline (PHOX) ligands, developed by Pfaltz et al., 14 led to the best chiral induction. We have thus decided to investigate other P,N ligands with similar chiral environments in order to find possible enantioselectivity enhancement.
The iridium complexes illustrated were synthesized according to literature procedures and were tested under the optimal hydrogenation conditions found with complex 3b. The results obtained with these catalysts are reported in Table 3 . As reported in our initial communication, complex 3b, bearing the more electron deficient bis(p-fluorophenyl)phosphino group, was found to yield similar enantioselectivities but enhanced reactivity compared to complex 3a, derived from the classical t-butyl substituted PHOX ligand reported by Pfaltz. Complex 9, derived from the benzothiophene based PHOX ligand reported by Cozzi et al., 15 shows virtually identical catalytic activity of 3a. In contrast, it is interesting to note that 10, derived from the thiophene based ligand, is drastically inferior to 3a. 
Deuteration Experiments
During the investigation of the scope of the methodology, it was found that the hydrogenation of the 2-i-propyl-N-benzoyliminopyridinium ylide (1b) leads to an acceptable yield of the desired hydrogenated product, but in a racemic form (Eq 3). In order to understand this result and determine if the lack of selectivity was caused by an alternative hydrogenation pathway, deuteration experiments were done.
N NBz
The deuteration of the 2-methyl-N-benzoyliminopyridinium ylide (1a) was initially done as a control experiment. Interestingly, the yield and tetrahydropyridine quantity observed indicates a slower reaction under deuterium atmosphere. This can be explained by the stronger D-D bond, resulting in a more difficult oxidative insertion of the catalyst into the latter, slowing down the overall deuteration process.
Alternatively, iridium catalysts have been reported to become deactivated through the formation of inactive hydrogen bridged iridium trimers. 21 Stronger Ir-D bonds could favor the formation of these trimers and accelerate the catalyst deactivation process. The 1 H NMR analysis of the products obtained shows a very complex process. Whereas the expected deuteration process should result in a precise isotopic distribution on the piperidine ring, an important migration of the hydrogen and deuterium atoms is observed (Figure 3) . This indicates that competing C-H(D) insertion processes occur concurrently to the hydrogenation processes. In both the tetrahydropyridine (8a) and piperidine (2a) derivatives, the chiral center at the 2 position of the ring shows a higher than expected (44% and 36% respectively) content of hydrogen. Almost no insertion of deuterium is observed on the 2-methyl substituent. Most surprisingly, a fair amount of deuterium is found at the 4 position of the tetrahydropyridine (8a), clearly indicating a C-H insertion mechanism. The overall hydrogen content of both products is the expected 7 hydrogens. This seems to indicate that in the hydrogenation and C-H(D) insertion process, there is no reductive elimination of H-D from the catalyst.
Finally, no deuteration is observed on the phenyl ring of the benzoyl group on the exocyclic nitrogen.
N NHBz
63 (50) 36 (0) 95(100) 51(50) N NHBz 44 (0) 86 (100) 33 (50) 34 (100) 22 ( These results indicate that the lack of enantioselectivity is not due to the migration of one of the intracyclic double bonds in the isopropyl group. The lack of selectivity appears to originate from low enantiodifferentiation in the hydrogenation step of the prochiral unsaturated intermediate. 
EXPERIMENTAL
Melting points were obtained on a Buchi melting point apparatus and are uncorrected. Infrared spectra were taken on a Perkin Elmer Spectrum One FTIR and are reported in reciprocal centimeters (cm -1 ).
Nuclear magnetic resonance spectra ( psi of hydrogen is applied, the vessel is sealed and the reaction is stirred at rt for 6 h. The pressure is released and the reaction is poured directly on a pad of silica gel (6(h) x 1(w) cm), washed with 10 mL of 134.3, 131.6, 130.8*, 129.4*, 128.7, 127.6*, 127.1, 60.8, 57.5, 33.7, 25.7, 24.1, 20.0; IR (neat) 9, 134.4, 131.6, 128.8, 127.2, 69.8, 58.3, 28.5, 25.4, 24.2, 23.9, 19.8, 16.2; IR (pure) 3223, 2938 IR (pure) 3223, , 2825 IR (pure) 3223, , 1643 IR (pure) 3223, , 1535 IR (pure) 3223, , 1303 
